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Lift  curve  slope  dCL/d  a 

Number  of  blades 

Zero  lift  drag  coefficient 
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it  Duct  or  propeller  radius  ^  ft 

r  Propeller  station  radius  ~  ft 

SHP  Shnf t  iiorseoo*’er  input 

T  Thrust  ~  lbs 

V  Velocity  ~  ft/ccc 

VJq  Gro3s  weight  . —  lbs 

w  Disk  loading  ^  lbs/ft 

a  Duct  aerodynamic  an~le  of  attac’:  (p  -  9) 

p  Angle  between  the  horizontal  and  duct  centerline 

Propeller  p  Ticiency 

9  Angle  between  the  horizontal  and  tne  free  stream  flow 

p  Kaos  density 

V, 

p  itatio  of  induced  velocity  to  blade  rotational  velocity  p, *=  ~ 

i 

l  Inflow  angle 

\jr  Flov;  coefficient 

ii  Angular  velocity  rad. /sec. 
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I.  SUMMARY 


Tr.is  report  is  intended  to  provide  analytical  means  of  pre¬ 
dicting  the  performance  spectrum  for  ducted  propeller  aircraft 
that  maintain  an  equilibrium  of  forces  by  adjusting  the  angle 
between  the  vertical  and  the  exit  stream  tube.  Equations  are 
derived  relating  the  tilt  angle,  free  stream  velocity,  propel¬ 
ler  characteristics,  and  available  power,  to  the  net  force  pro¬ 
duced  by  the  platform  and  to  the  direction  of  this  force.  Par¬ 
ticular  emphasis  has  been  placed  on  the  relation  between  the 
duct  exit  velocity  and  propeller  tip  speed  for  fixed  pitch  pro¬ 
pellers,  because  this  variation  determines  the  relation  .between 
the  power  available  and  the  power  required. 

It  is  impossible  to  determine  the  accuracy  of  the  individual 
relations  without  further  test  data,  because  they  must  be  com¬ 
bined  to  determine  the  overall  performance,  and  the  overall  per¬ 
formance  -  not  individual  performance  contributions  -  was  all 
that  was  obtained  by  test.  The  net  force  calculated  for  the 
condition  indicating  the  greatest  difference  between  theory  and 
test  (V  =  1*5  knots,  tilt  angle  =  31°,  and  100/6  power)  produced 
a  net  thrust  of  ^15  pounds  directed  8.05°  aft  of  the  vertical. 

The  test  data  of  Reference  3  for  the  same  conditions  of  tilt 
angle  and  velocity  indicate  a  net  thrust  of  62l*  pounds  directed 
aft  12°.  The  difference  between  the  theoretical  net  thrust  and 
test  net  thrust  is  17.5$.  This  is  rather  poor  correlation,  but 
the  error  cannot  be  completely  attributed  to  the  theory,  because 
the  net  thrust  is  dependent  upon  the  square  root  of  the  available 
power  cubed.  The  test  was  conducted  at  full  power,  and  it  is  not 
apparent  exactly  how  the  power  available  varied  with  RPM  or  what 
effect  tilting  the  engines  had  on  power  output.  The  expressions 
for  the  moment  are  empirical  and  involve  non  dimensional  parame¬ 
ters  which  were  determined  from  the  truck  test  data  of  Reference 
3?  therefore  the  moment  equation  cannot  be  checked  against  the 
experimental  data  to  determine  their  accuracy. 
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INTRODUCTION 


This  analysis  is  complete  for  coaxial  fixed  pitch  propellers,  but  not 
necessarily  limited  to  exclude  other  types  of  propeller  configurations. 
The  procedure  for  calculating  the  performance  will  be  outlined.  Curves 
are  presented  which  allow  rapid  estimation  of  tilt  angles  and  power  re¬ 
quired  for  all  disk  loadings  and  power  loadings.  All  information  is 
based  on  the  assumption  tnat  the  flow  does  not  separate  from  the  duct 
lip.  The  flow  will  actually  separate  from  the  forward  lip  at  a  high 
duct  angle  of  attack  (a)  (Figure  l)  and  large  free  stream  velocity,  but 
the  lip  shapes  and  disk  loadings  currently  in  use  have  shown  no  tendency 
toward  separation. 

The  advantage  of  good  internal  aerodynamic  design  is  obvious  from  Figure 
2  and  the  definition  of  the  quantity  [  1  ♦  (Ajj^^fJ  •  It  can  also  be 
seen  that  high  values  of  disk  loading  will  require  lower  tilt  angles 
for  a  given  forward  speed.  Figure  2  indicates  a.minimura  cruise  power 
for  platforms  designed  to  cruise  where  Vq(p/wj)u)2  ■  .8  to  1.0.  If  a 
platform  i3  to  be  designed  in  this  region,  particular  attention  should 
be  given  to  the  moment,  both  from  a  standpoint  of  magnitude  and  the 
possibilities  of  the  rate  of  change  of  the  moment  with  velocity  becom¬ 
ing  negative. 

A.  Procedure  for  Performance  Calculations 

The  conditions  of  altitude  and  temperature  under  which  the  plat¬ 
form  must  hover  are  used  as  a  starting  point.  The  required  flow 
area  and  velocity  are  determined,  and  the  propeller  blade  design 
is  straight  forward  once  the  actual  diameter  and  internal  drag  has 
been  determined.  The  power  required  under  these  conditions  is 
readily  determined,  since  the  flow  velocity,  areas,  and  tip  speed 
are  known.  Figure  2  may  be  used  to  determine  the  relation  between 
tilt  angle  and  velocity.  The  external  drag  is  very  small  compared 
to  the  lift;  therefore  the  assumption  that  T/L  sin  p  is  zero 
(Equation  1.15)  will  be  valid  and  will  allow  the  determination  of 
VqA Ct  consequently  >|r,  and  an  estimation  of  the  pitching  moment 
may  be  made.  An  indication  of  the  hover  ceiling  and  power  required 
can  be  obtained  from  the  curves  by  assuming  that  the  propeller  ef¬ 
ficiency  does  not  change. 

If  the  performance  obtained  thus  far  is  desirable,  the  relation  be¬ 
tween  V^At  and  VqA^j  given  by  Equation  (li.Ol)  or  (i|. 02)  should 
be  determined.  This  information  can  then  be  used  in  Equation 
(2.07)  of  Section  2.  Equation  (2.07)  should  be  plotted  against 
VqA^  this  holds  for  all  conditions  and  with  Equation  (I.0J4)  relates 
the  actual  shaft  power  input  to  and  Vq.  The  power  required  along 
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the  flight  equilifcriun  line  can  now  be  calculated  as  Vq/V^  and 
thus  T*p  are  known. 

Sufficient  information  is  available  for  the  calculation  of  per¬ 
formance  for  conditions  other  than  flight  equilibrium. 

The  effect  of  tip  clearance  on  power  loading  for  the  shrouded 
oropeller  of  Reference  h  is  given  in  Figure  $,  If  the  velocity 
over  the  lip  increases  or  the  lip  is  made  sharper,  the  tendency 
toward  flow  separation  is  increased  and  the  tip  clearance  must 
be  hold  to  closer  tolerances. 

The  product  of  the  number  of  blades  and  the  petivity  factor  is 
used  ir.  most  propeller  weight  equations;  of  interest  here  is  the 
cesipn  value  of  b(AF)  wnicn  may  be  calculated  using  the  velocity 
and  tip  speed  under  the  same  conditions  used  to  design  the  pro¬ 
peller.  Tne  method  outlined  in  Section  P  is  straight  forward. 
The  assumption  of  constant  taper  is  put  into  the  equation,  but 
an  ideal  taper  blade  will  actually  have  a  b(AF)  slightly  lower 
than  the  calculated  value;  therefore  the  assumption  is  conserva¬ 
tive. 


ANALYSIS 


A .  Aerodynamics  of  Ducted  Propellers  with  Particular  Application 
to  Platforms 

Tne  general  equations  relating  power  and  thrust  will  be  calcu¬ 
lated  using  the  conservation  'f  energy  and  the  momentum  equation. 
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The  equation  for  the  nt*t  thrust  is  obtained  immediately  by  the 
use  of  the  momentum  equation  between  stations  (0)  and  (f>) 

Tk  "  -  hVq  ♦  pqA^  -  P'iAq  -  po(Aq  -  Aq) 

A  pressure  equilibrium  exists  ietveen  the  *ct  stream  and  th*  sur¬ 
roundin’'  air  at  station  *>;  therefore  pr  ■  p q. 


Tt,  ■  nV?  (1  -  V0/V5) 


(1.01) 


The  change  in  kinetic  oner ry  is  equal  to  the  power  put  into  the 
air  stream. 


P  -  KE(S)  -  KE(0)  *  AK2(o)  .  (5) 

p  ■  ?  (.s>  -  v  •  **■;>  -  w) 


Tne  energy  lost  by  the  air  in  passing  from  station  (0)  to  (5)  is 
equal  to  the  integral  of  the  product  of  the  drag  and  velocity  from 
station  (0)  to  station  (5). 

If  the  conservative  assumption  is  made  that  the  internal  drag  is 
acting  at  station  (2)  where  the  velocity  is  the  greatest,  the 
evaluation  of  AkE(q)  _  (5)  is  simplified. 

Affi(o)  .  (5)  -  dv2 


D  •"  CD  a.<EF.  fi2 

Ev  definition 

CD  Akef. 


(1.0') 


D  -  fq2A2  •  f  fV2 

Akf  -  mV?2  r 

AKE(0)  -  (5)  -  —  V*iJ  f 


a  fv 

2  |_ 


2  .  „  2  % 


V  + V  [t  f  -v 
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by  definition 

-Vr-2 


'■t-  -i'-di)  I 


(1.03) 


The  term  defined  as  "X"  has  a  largo  influence  on  the  total  power 
required;  the  definition  of  f,  Equation  (1.02),  shows  that  the 
equivalent  flat  plate  drag  area  (CqA.^vJ  must  be  keot  small. 
*nei  he  platforn  is  hover  inn,  the  velocity  diminishes  rapidly 
as  the  distance  is  traversed  from  station  (l)  to  station  (Ol . 
Therefore,  if  tnere  is  an  appreciable  amount  of  drag  area  a 
larre  distance  above  the  duct  lip,  t.nis  drag  area  should  not  be 
included  in  calculating  the  value  of  "K".  Instead  it  should  be 
included  in  the  external  drag,  since  the  velocity  in  this  region 
is  more  nearly  that  of  the  free  stream. 

The  power  put  into  the  shaft  is  greater  than  the  power  inout  to 
the  air  by  the  parasite  power  and  induced  drag  power. 

m  horsepower  input  to  air 

r  horsepower  input  to  shaft 

b  SHP  -  (HPp  ♦  HPj) 

?  SHT 

_  ,  HP0  +  HPi 


nV  cf 
1100  T). 


(1  M 


The  power  inout  tc  the  air  is  equal  to  the  product  of  the  nro- 
peller  thrust  and  the  velocity  of  the  air  through  the  propeller 
disk. 

TP0  TO  =  SHPt¥ 


ku 

v2  =  £  v5 
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tpg  ■  a!II”V  %  i 


(1-0^) 


This  aross  prcneller  thrust  is  actually  the  thrust  that  the  pro¬ 
peller  is  producing;  however  part  of  thlt  tnrust  is  required  to 
draw  the  air  throuph  the  shroud,  and  the  r.ot  propeller  thrust  is 
all  that  is  actually  lifting  the  platform. 


TPO  ”  D  -  TpK 
m  n  Vc  A2 


r  /v  j 


Ip"  T-  II  Ll  -  ,v? 

When  Vp  »  0 

Tj^  ■  nV^  from  (1.01) 
K 

jHP  '  HOOiTp 
HP  -  T>1  /’ll.''  K 

HP  1100  Tip  1  pA^  K 


(1.06) 


i  .07) 


SliP  * 


1.P65(10)"2 

T 


(p/pS.L.  V  P 

m  A  xl/3  ( SHPTlp 

TK  "  la,c2  (p/p£J.L.A^  V  K  y 
when  Vq  /  0 


ri  VO 

V  *-  • 


f  I  ' 

V  L. 


The  equations  for  thrust  involve  both  velocity  and  direction; 
therefore  it  will  be  necessary  to  express  the  equations  in 
terms  of  their  comoonents  in  the  directions  of  lift  and  thrust 
so  that  the  equations  for  equilibrium  flight  can  be  shown  ex¬ 
plicitly.  Defining  the  angles,  as  shown  in  Figure  1,  and  as¬ 
suming  that  Ve  is  parallel  to  the  centerline  of  the  duct,  the 
equations  for  lift  and  thrust  become: 
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Z?y  •  L 

L  -  r,  (Vc  sin  Ji  -  V  )  sin  0) 


Vq  sir.  6  ■  V  sinji  -  - 

n 


sin2  0  •  / 

\ 


V0  L  >\ 

rsin<f-7r0j 


?  ■  m  (V£  cosp  -  Vq  cos  9) 

2  .  V5  ..  T  '  2 

008  8  ‘  Vvr  cos  »  -  573, 


2  2 
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equation  (i.13)  is  very  cumbersome.  If  9  ■  0°  unich  is  the 
actual  case  for  equilibria")  flight,  the  solution  is  preatly 
simplified. 
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Equation  0.16)  gives  the  .orsepov  or  required  to  produce  a  riven 
lift  and  .rust  vrhen  9*0°  and  j}  is  the  anrle  defined.  For  L  ■  Vq 
Equation  (1.07)  becomes: 

l3/3  k 


llOOnp^oA^)' 


and  Equation  (l.l6)  beconos: 
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Figure  2  is  a  graphical  representation  of  Equation  (l.l  ). 
Another  equation  is  required  to  determine  what  free  stream 
velocity  is  associated  with  the  different  tilt  angles  (90  -  fj). 

The  equations  obtained  from  summing  the  forces  in  the  directions 
of  L  and  T  with  the  assumption  of  9=0  will  provide  the  neces¬ 
sary  relation.  This  is  equation  1.19  which  is  also  shown  on 
Fi  fure  2. 
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From  Figure  1  tin  exit  velocity  is  directed  p  de  r  -  ‘’rom  the 
horizontal,  and  the  assumption  was  made  that  the  ,  la t form  ns 
tilted  to  an  ar.  Tle  (90°  -  p) .  If  it  is  assumed  that  tee  plat¬ 
form  tilt  angle  remains  zero  (  p  =  90°)  and  only  the  exit  stream 
is  turned  through  the  angle  (90°  -  p),  the  force  diagram  remains 
the  same.  Therefore,  the  tilt  angle  (90°  -  p),  shown  in  Figure  2, 
can  be  interpreted  as  the  angle  through  which  the  exit  'tuva.  is 
turned.  The  moment  produced  by  a  platform  propelled  by  Turning 
the  exit  stream,  rather  than  tiltin t  the  platform, will  be  effected 
to  a  large  extent.  This  can  be  seen  if  the  equations  for  the  thrust 
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produced  by  the  duct  are  found.  This  can  be  acconp lished  by 
taking  the  equations  obtained  for  L  and  T  and  subtracting  the 
conponents  of  the  propeller  net  Lurust 
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(1.21) 


Examination  of  Equations  (1.20)  and  (1.21)  indicate  an  increase 
in  the  total  duct  force  when  9  -  0°  and  Vq/V ^  is  increased.  The 
point  of  application  of  the  resultant  duct  lift  novas  forward 
as  VgAh  increases  and  the  duct  lift  becomes  larger;  therefore  the 
moment  will  increase  rapidly  with  Vg/Vd  when  tne  tilt  ancle 
(90°  -  p)  is  snail. 

The  drag  to  lift  ratio  is  difficult  to  determine,  because  the 
direction  of  the  streamlines  over  the  external  surfaces  are  not 
easily  determined.  If  Equation  (l.l^)  is  plotted  (Vg/Vq  Vi3  |*>)  for 
T/L  =  0,  9  =  0  rand  the  truck  test  data  for  the  platform  model  1031 
is  corrected  so  as  to  keep  the  lift  equal  to  a  constant  (Figure  3) 
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reasonably  good  a  Teenont  between  teat  and  theory  Is  found.  T.ois 
indicates  that  the  drag  component  in  the  direction  of  flight  is 
very  snail  and  can  be  neglected.  The  method  used  to  correct  the 
test  data  and  an  example  calculation  i3  shown  in  Appendix  A. 
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The  tem  t^p  has  appeared  frequently  vHh  r.o  r.entior.  of  how  it  is  to 
be  obtained,  To  do  this,  it  will  'c  necessary  to  determine  ’..'here  the 
total  power  put  into  the  propeller  shaft  i3  consumed. 

The  total  pov;cr  required  is  the  sun  of  the  induced  oowor,  the  ilaie 
profile  power,  the  shroud  profile  newer,  and  the  induced  drag  power. 

The  induced  drag  power  ( Pl)  is  the  power  necessary  to  overcome  the 
torque  caused  by  the  ccnnonent  of  lift  in  the  olane  of  rotation. 

The  shroud  profile  pov/er  (P05)  is  the  power  necessary'  to  overcome  the 
resistance  to  flov?  caused  by  the  shroud  and  internal  objects  in  the 
flow  field.  Because  the  propeller  thrust  must  overcome  the  shroud 
profile  power,  the  product  of  propeller  thrust  and  velocity  through 
the  propeller  is  equal  to  oho  sum  of  the  shroud  profile  power  and  the 
induceu  ••uv.-er. 
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for  b  blades 


The  induced  drag  power  is  srail  compared  to  the  induced  newer 
and  shroud  profile  power;  therefore  the  assunptior.  of  constant 
Cl  and  c  will  be  adequate. 

Pl  *  CL  v2  VT  R 


r  t  C  a  „  „  2  v2  „ 
5  VT  75  A 


(2.02) 


Expressing  the  propeller  thrust  in  terns  of  the  propeller  blade 
section  characteristics,  and  raking  use  of  the  assunptior,  of 
uniforn  chord  and  lift  coefficient,  the  induced  dra(?  power  can 
be  related  to  the  propeller  thrust. 
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B.  Propeller  Profile  Power 
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where  K*  ■=  ^  by  definition  (Figure  ') 
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but  Tp0  ■  -~2  J~  K  -  from  equation  (1.05) 
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C.  Sumation  of  Power  Required 
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D.  Propeller  Efficiency 
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Therefore,  the  approximation  of  R/Vp  =  R/Vfu  will  he  *ood,  partic¬ 
ularly  in  view  of  the  fact  that  V-p  was  found  to  vary  very  little 
when  the  five  foot  Hiller  platform  was  truck  tested.  This  data 
i.as  not  published. 


ilp 
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CL  kl  Vth_ 


( <?  .07) 


BLADE  DESIGN 


This  analysis  is  concerned  only  with  counter-rotating  coaxial 
blades.  The  method  of  analysis  given  in  Reference  2  nas  been 
shown  to  pivc  ^ood  results,  provided  the  substitution  of 
Cl  =  (a  a  +  Clq)  is  made  rather  than  Cl  ■=  a  a.  The  above 
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substitution  v: ns  necossarv  to  ^enerali:o  the  equations  for  use 
with  other  than  svnr.etrical  airfoil  sections.  This  effects 
only  Equation  (10)  and  (11)  of  Reference  2. 

If  no  substitution  is  used  for  Cl  but  b  is  used  as  defined  ir. 
this  report  and  Equations  (10)  and  (11)  of  Reference  ?  arc  solved 
for  the  chord,  the  resultin'*  equations  can  be  used  to  determine 
the  variation  of  chord  with  radius. 


ci  - 


2  :t  K  it  (r  t)  usin 


similarly  for  tne  lo*  r  propellc-r. 

2  R  X  tt  ( r.  R.  usin  6 


c?  ® 


The  optimum  propeller  desirr.  is  one  which  has  a  maximum  lift  to 
dr  hr;  ratio  at  all  vlnde  stations  (Cl  ■  constant). 

If  the  required  performance  is  known,  V2  can  be  calculated  from 
Section  lj  a  tip  speed  and  number  of  blades  car.  be  chosen,  thus 
rivinp  all  the  information  necessary  to  compute  the  variation  of 
the  chord  with  radius.  Blade  annles  are  then  computed  in  accord¬ 
ance  with  Reference  (2).  When  design  requirements  dictate  a 
constant  taper,  proceed  as  above  and  approximate  t h°  optimum  chord 
versus  r/R  curve  with  a  straiqnt  line  and  use  the  constant  taper 
variation  ol*  chord  with  radius  to  determine  the  \  lade  ar  -ie  sot- 
in"s  as  per  Reference  (2). 


VARIATION  OK  TIP  oP^SD  WITH  DUCT  EXIT  VELOCITY 
FOR  FIXED  PITCH  PROPELLERS 


The  variation  of  propeller  e  ficiency  with  forrard  velocity  is 
dependent  upon  the  variation  of  the  met  exit  velocity  and  pro¬ 
peller  tip  .speed  (Equation  2.0?). 
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The  last  three  terms  in  the  bracket  are  snail  conpAr^d  to  the  first 
throe. 


P  —2  '  2  ^Lo 

cT  ■  a  S:r  (*J  -  ~  )  hcdr 

>.r  a 

r  •  .4 

Ur  -  a  i  (5) 

d-  =  f  PVT2  >  bc  d  $ 

VT  (3) 

Tins  element  cf  force  summed  over  r/R  must  equal  the  propeller  thrust. 
I  -nu  t  tc  remembered  that  blockade  and  the  necessary  fairin'  of  ri.e 
Made  near  the  root  will  alter  the  flow  in  that  area.  In  practice, 
teen,  it  v:ill  re  necessary  to  account  for  this  during  summation. 
Pernapc  the  simplest  method  would  be  to  assume  ideal  blade  conditions 
down  to  some  minimum  radius,  producing  uniform  inflow  beyond  and  zero 
velocity  inside  this  radius. 
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PITCH  IMG  NOMfliT 

The  variation  of  the  pitching  moment  with  free  stream  velocity  is  very 
important  from  the  standpoint  of  its  effect,  on  stability  mid  maximum 
forward  speed.  The  maximum  moment  can  become  very  lure  .  particularly 
with  low  thrust  per  unit  area. 
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The  tr.rce  lUr.ur.  jiouaI  character  ci‘  the-  .*  1  ovr  alout  a  platform.  and 
.•.Gn-synr.etri c  *1ov  at  la  r  ye  ar.  * U-s  ef  a*  tack  makes  i*  imposn!  lo 
to  calculate  tne  nitonm*  moment  :y  h  simplified  two  dimensional 
Approach. 

The  only  information  available  on  t*irc.»iw  moment  *  data  obtained 
from  a  duct  of  laryo  lctrlh  to  diameter  ratio  and  the  rata  jltatmed 
t y  Hill'd’.  Tne  model  used  vp®  a  five  foot  duct  (HecVrenee  Jj.  T 
report  has  measurements  rf  moment,  lift,  thrust,  and  n  small  amount 
of  pressure  survey  data.  Usin'*  the  pressure  survey  data  to  deter-  r.- 
th.e  no  mint  contracted  by  the  iue?  the  followm-  r^stil  s  v/erc  o*  tamed. 

At  1  tilt  an»*le  vi'r.vit  dun .v  v.d  not  forwari  s*  '-•>« 


Calculated  -.ores.* 
Measured  none nr 


'.6..  ft, -l*. s. 
i.VJ  ft.-lhs. 


At  31°  til*  anplc  without  dun  y  and  y  knots 

C al  c  ula ted  noren t  >o..  ft .  -1!  s . 

Measured  moment  jl  ft  .-lbs. 

The  calculatoa  r.oncnts  are  in  vc: y  -ood  a  Teener,  i  with  the  measured 
values,  particularly  in  viev;  of  the  fact  that  the  pressure  sui  vey  in¬ 
cluded  only  four  stations:  front  lip.  re"»r  lir>  and  90°  1’p  t  c  s i  • 

tions. 

The  conclusion  drawn  •'ron  ’.bis  d>i«i  is  that  the*  uctaL  mom.  n?  .3  pro¬ 
duced  by  the  bin.  f-tis  does  ret  solve  the  orcbler.  of  .'et<  rrinir.r 
the  moment  to  be  expected  from  any  Arbitrary  ducted  s  rr  r  ll^r,  Vr 
it  do  2  sir jo  sort,  liph ;  on  the  -*rot  len. 

The  force  rcuu Z'.rr  the  nor.cn t  :s  the  integral  of  *  pi  -  s.sur-  a 

fii(  velocity  ir.cr  '-res  'r on  -.‘no  fi  oc  stream  value  !  o  the  :u:t  e>:.*. 

value.  If  The  flow  dees  not  separate  from,  the  fine  t  surface  a  t  nni 
Lurnir-  '.n  It  is  ITin  ’  by  the  dun*  lip  shape . 

The  tilt  a;  ’in  and  tne  ratio  of  fr^e  stroari  to  r>xi  t  ’-el  •  n  \y  ir  r.i 

lndicati  oi  or  i  r  M’rninp  r.n^lo . 


T,:  -  At;  V r,  (V,;  ••  V0) 

T:  .  y  /V5 


v0  Vvo 


From  b  pint i on  1  .Oi 

y  ‘  •  .<  >i 


CONFIDENTIAL 


60-030 


,  A.  Horse  ll/X/56 


MILLER  HELICOPTERS 


Afrodynanic*  of  Ducted  Propellers  1031 -ft 


As  Applied  to  it.s  Plat 


t  rropc 
tforn  rr 


l'lClPu|  96-!  ;? 


COKFIDEKTIAL 


This  r.on-dinonsional  parameter  if  hay  been  taker,  as  a  representation 
of  the  flow  field.  Tho  nonent  r.ust  increase  directly  with  the  dlarve- 
ter  and  with  the  square  of  the  velocity  over  tho  lip,  but  at  the  sar.e 
valuo  cf  Vq/V$  tr.is  is  roportional  to  the  square  of  the  free  strra- 
velocity.  For  this  reason  the  nonent  coefficient  has  4  cor.  taker,  as: 


_ K 

'1o  »  Ah 


(a. 3?) 


The  five  foot  'la tforn  truck  tost  data  has  been  plotted  in  coefficient 
form  (Firure  u) • 

It  nas  previously  beer,  mentioned  that  tnn  only  moment  data  available 
is  fror.  one  configuration,  but  it  is  ielieved  that  the  use  of  Firure  !i 
will  at  least  Rive  the  order  of  magnitude  and  trend  of  the  r.orent  to 
be  expected  fror.  an  abitrary  selected  ducted  propeller. 


PLATFORK  HOVER  CEILING 


Equation  1.08  indicates  that  the  pov;er  required  varies  with  the  recipro¬ 
cal  of  the  density  ratio.  The  power  available  is  also  a  function  of  the 
density  ratio;  therefore  to  elininate  trial  on  error  the  equations  have 
been  conbined. 


The  variation  of  pen:  -r  available  with  density  ratio  is  riven  in  deference 
!:  as: 


shpALT  *  SIRjj,  (l.Uip/.jfc-  .132) 


(-.01) 


Py  contininR  Equation  1.09  and  Enu  tion  6.01  tho  variation  of  thrust 
vith  altitude  becomes: 


i/3  r  d:ipiUjT  ■nP,TTn  1 


1/  i>  o.ir  n  p  "Op,, 

Tal'7’  =  U.22  (f/6  jl  A|P  - ft  - 

. w  r^a.  ^-An 


tSL  c  1^32 


i/3  r 

(Ai,) 


TSL  , 


*klt\ 


Equation  1.09 


(6.0°) 


(1.132  p/p  T  -  .132)  (6.C3) 
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7ALT  fX  PALT  \ 
7Jl  VPjl  ) 


2/3 


( 


p^/ 


1/3 


(1.132  p/Pjl  -  .132) 


2/3 


(o.Ou) 


For  convenience  Equation  6.0k  i3  plotted  in  Figure  5.  To  deter-ine 
the  thrust  at  a  giver,  altitude,  the  thrust  fcr  a  corresponding  pover 
setting  is  calculated  at  sea  level.  The  product  of  the  ratio  of 
propeller  efficiencies  ar.d  the  function  cf  density  ratios  read  fro.-, 
tho  curve  gives  the  correction  factor  to  be  applied  to  the  sea  level 
thrust  to  obtain  the  thrust  at  altitude.  To  determine  the  raxinun 
hover  altitude  the  toss  weight  is  divided  by  the  rraxinur.  sea  level 
thrust,  the  propeller  efficiency  ratio  is  assumed  equal  to  1.0  and 
an  altitude  is  read  from  the  curve.  The  actual  propellor  efficiency 
ratio  is  then  calculated  and  the  altitude  is  again  determined.  The 
propeller  efficiency  does  not  change  rapidly  with  altitude  ar.d  the 
second  altitude  is  normally  very  accurate. 


PROPELLER  TIP  CLEARANCE 


The  effect  of  tip  clearance  on  trust  ar.d  power  does  not  lend  itself 
to  calculation;  therefore  test  data  must  be  used  to  determine  the 
magnitude  of  the  losses.  The  test  data  of  Reference  5  has  been  re- 
plotted  so  as  to  reflect  the  variation  of  shroud  thrust  to  horse¬ 
power  with  tin  clearance  to  diameter  ratio  (Figure  6). 


ACTIVITY  FACTOR  FOR  DUCTED  PROPELLERS 


The  thrust  required  to  hover  and  the  lift  that  must  be  maintained  at 
forward  speeds  are  dependent  upon  the  gross  v:eight.  The  loads  acting 
on  the  duct  have  been  riven  in  equation  form,  and  the  weight  can  be 
estimated.  Equations  for  the  propeller  thrust  have  also  been  given, 
but  most  propeller  weight  equations  involve  terms  containing  b  and  AF; 
therefore  the  ducted  propeller  has  been  analyzed  to  facilitate  cal¬ 
culation  of  the  quantity  b  x  AF. 
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As3iin«?  Constant  Slope 


,P  10 

*  W 


x3  (3)  dx 


1.0  “  .3 


n  (x  -  .3)  ♦  unerc  m  ■  slope  *  — 1 

n  ■  l.*!:3  (C1#0  •* 

Dio  A?(l0)  =  ^  x3  [nx  -  .3n  ♦  C .3^]  'lx 


16D(AF) (10) »  n 


xM  dx  + 


(C  ^  -  ,3m)  x3  dx 


<  n1*0  1,  n1 

=  f  x  +(C.3-.3m)^ 

•  3  — *• . 


loD(AF)(10)"r  =  |  (1  -  .3 ')  +  £  (C>3  -  .Jn)  (l  -  ,}h) 
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16(10)"  D(A?)  •  .l°96r.  •  .21/  C#3  -  .OV$n 

■  .1  !f*lr  *  .21/  C#3  hut  n  •  l.'i3(C1#o  -  C#3) 

•  .17F9CU  -  .17T9C  3  ♦  .?/;cuC ^ 

•  *17p9Cl.O  *  ^QIZ.J 

-  .0o91(  .59Cuq  ♦  C  3) 

AF  .  ^  (10)?  (?.?9C1  0  .  C<3) 

■  ?,Jl^10)?  (2.59CU0  ♦  C>3) 


n(l  ♦  f)  ^  sin  f>r  ACl  / 

*7 — -  but  —r —  ■  —  c.  +  /  ->a  *  a1 

ACL  b  C  Ac  a  •  o 

5  “r 


cr  c 


2r  n  (l  +  f)  ,  ,  v2 

- C^T -  ^Slr‘  *r  nnd  ^  "  <Tv 


2  n  /,  ^2  .  ,  2  tt  /.  ,x  v2r  .  , 

—  (1  +  f)  r Sln  =  cTT  (1  +  0  rr  sin  R 


2tt  V2  (i  +  f)  D  .  . 

"  "2Cl  b  VT -  sin  anJ  sin  *>r  = 
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A  typical  curve  obtained  from  equation  (  .01)  is  shown  on  Fi-ure  7. 


(P.01) 


CONTROL  HClxiNT 


V/hrr.  a  ducted  r rorellor  is  placed  in  a  flo\  field  "ith  the  rrorellor 
axis  parallel  to  ..he  flew,  the  propeller  thrust  is  acting  alonr  the 
axis,  and  i.f:o  duct  forces  forn  a  cone,  the  apex  of  which  is  on  the 
propeller  axis  sone  distance  above  the  duct  lip.  ..hen  the  axis  of 
the  ducted  propeller  is  at  some  arirle  with  respect  to  the  free  stream, 
the  propeller  thrust  continues  to  act  alone;  the  axis  of  rotation,  but 
the  apex  of  the  cone  form  d  by  the  duct  forces  moves  upstream.  The 
apex  of  this  cone  will  continue  to  move  upstream  until  the  angle  be¬ 
tween  the  propeller  axis  and  free  stream  reaches  90  ierrees;  as  the 
angle  is  increased,  the  apex  of  the  cone  will  move  hack  until  it  again 
lies  on  the  axis  of  rotation  of  the  propeller  at  1  0  decrees.  The 
platform  maintains  an  equilibrium  of  forces  by  tilting  the  axis  of 
rotation  of  the  propeller  into  the  free  stream  velocity  and  the  ee  .ter 
of  aerodynamic  forces  is  continually  cnangir.g  as  the  free  stream  velocity 
is  increased.  The  center  of  gravity  of  the  entire  mass  can  be  moved, 
within  limits,  by  the  operator  while  in  flight.  However,  when  the  mass 
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of  the  pilot  Is  snail  compared  to  the  total  mass,  the  distance  through 
which  Uie  total  center  of  «nravity  can  be  moved  diminishes,  and  insuf¬ 
ficient  control  results.  The  duct  produces  approximately  ono  half  of 
the  total  liftj  therefore,  if  the  total  lift  remains  constant,  but  the 
diameter  of  the  duct  is  increased,  the  moment  arm  and  thus  tne  moment 
will  increase  and  again  insufficient  control  results.  The  necessity 
of  additional  control  forces  is  obvious.  Several  methods  have  been 
considered  and  are  included  in  this  report. 

The  method  used  to  calculate  the  performance  of  a  ducted  propeller 
outlined  in  Appendix  II  of  this  report  has  been  superseded  by  this 
report.  However,  the  differences  are  small  and  the  description  of 
the  forces  and  moments  are  not  affected.  As  indicated,  the  use  of 
duct  exit  guide  vanes  for  creating  nose  down  pitching  moments  are 
not  advisable,  unless  exceptionally  large  distances  between  the  exit 
vanes  and  C.G.  location  are  possible.  The  maximum  moment  obtainable 
from  a  means  of  propeller  tip  clearance  control  (see  Appendix  II) 
such  as  boundary  layer  removal  at  the  blade  tip,  can  quickly  be  esti¬ 
mated. 

If  the  test  data  shown  in  Figure  6  of  this  report  can  be  extrapolated, 
a  tip  clearance  to  diameter  ratio  of  .005  will  decrease  the  duct 
thrust  l6.5  percent.  The  model  1031 -A  has  a  duct  thrust  of  apnroxi- 
mately  250  lbs.j  therefore  the  loss  due  to  this  tip  clearance  is  J1I.3 
lbs.  If  it  is  assumed  that  the  clearance  is  reduced  to  zero  over  one 
half  the  duct,  an  additional  force  of  20.6  lbs.  would  be  created,  and 
the  moment  arm  would  be  approximately  .7R  c  1.75*.  The  maxinum  moment 
would  be  36  ft-lbs.  The  propeller  tip  clearance  should  be  kept  at  a 
minimum  value  to  minimize  losses,  but  any  attempt  to  cause  a  cyclic 
variation  in  tip  clearance  to  produce  a  control  moment  will  be  non¬ 
rewarding. 

The  third  means  of  producing  a  control  moment,  discussed  in  Appendix 
II.  and  also  in  Appendix  IX  of  this  report,  has  to  do  with  the  control 
of  the  duct  lip  fore as  through  the  boundary  layer.  The  natural  circu¬ 
lation  due  to  a  differential  lift  would  probably  not  reduce  the  moment 
to  a  large  degree.  If  a  powered  system  were  used  to  direct  the  flow 
field,  the  moment  would  be  significantly  reduced  and  at  the  same  time 
additional  lift  would  be  produced.  This  appears  to  be  a  promising  means 
of  reducing  the  moment  to  the  point  where  kinesthetic  control  would  be 
adequate. 

An  analysis  has  been  presented,  Appendix  III  of  this  report,  which  indi¬ 
cates  promising  values  of  moment  obtained  from  duct  inlet  lip  vanes. 

This  information  is  believed  to  be  misleading  in  that  the  forces  cal¬ 
culated  would  be  cancelled  by  opposite  forces  originating  due  0  the 
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interference  between  the  lip  ?>nd  vane.  The  calculated  thrust,  aeau~- 
i»d?  ICO  percent  inlet  diffuser  efficiency,  snows  ver;  go  i  arrecr.er.t 
with  tost  data.  Therefore,  additional  Inlet  io  vanes  caic.ot  in- 
prove  ihe  porforr.nn'c  tf  the  ml  t  It  f furor  to  a  larr*  extent,  a:?*! 
tr.o  convent  calculated  *v*sl  h  •  in  errer. 


A  cyclic  pi  ten  change  can  ir  yff-rud  t\  changing  the  iuflov?  airectim*. 
T.’.is  rwar.s  of  producing  *»  {itching  ..orient  was  investigated,  Appendix  V  of 
this  report,  ar.d  found  opotle  of  ’>rcxiutinp  a* nroxiinately  or.e  tenth 
of  the  required  nor/?r.t  with  essential*,  y  r.o  loss  i.n  performance.  I* 
viould  be  neccssar  to  in  ere  a  e  tre  propeller  strength,  but  l.*I  £•  tyre 
of  systen  should  show  f»ood  reliability  gu«j  to  simplicity  of  the  mechan¬ 
ism. 


COliCLUCICh 


The  naxi.nu.7,  nose  down  pit  chi  nr  nonun  t  developed  ry  f.«;  con*  rol 
discussed  are  of  the  or:or  of  0  porrriit  o:  tne  total  nose  up  'r.eir.e 
For  this  reason,  it  would  ur»p  ir  ♦ha t  attempts  to  decrease  the  rior.,:t' 
ny  changes  in  lip  ccr.:i.:un:.ir  n  -.1 -ht  ‘  o  more  rewarding  than  atteicpr*. 
tc  overpower  the  nose  up  ncn,:.i  .  Tne  no  •  red  iounaary  layer  .0.1  la 
appetr  tc  ':.•>•/  the  greatest  nos.  bility  cl  controlling  the  r.onenr  in 
that  it  oar  ve  used  either  to  .  vi  ns'*  or  decrease  the  nortent  by  w  1 
ing  on  the  j  .nil  juantily  of  air  v.^hin  the  boundary  layer,  which  In 
turn  alters  tin  ,r  ‘ire  flow  field. 
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COI^rARISO?:  Cr  THEC:(LTICAL  AND  JCR.HII.KKTAL  DATA 
FOR  HILLER  MODEL  1031-n  PUTPORK 


Tho  detailed  analysis  found  in  Section  k  of  Hiller  Report  No.  56-lu8 
has  producod  the  relation  between  tip  speed  and  oxit  volocity. 


V* 


where 


a  fc  R  C2 

5*2  C|, 


[<E  c5  * 


Cl  ■  fpc  (£)2  d  (|)  -  .0171i6 


Equation  h. 02 


Cj  ■  /  c  (|)  A  (|)  ■  .1119 


.OO3I185 


-  1.203 


Qf  -  Mgl  +  C3)  Aj,  /  >\2\ 


3.168 


Constants  C^,  C2,  and  C-j  vere  integrated  graphically. 


Tne  simultaneous  solution  of  equations  (L.02  and  2.07)  of  Report  Ho.  50-108 
allows  the  computation  of  propeller  efficiency,  power  required,  etc. 

To  do  this  it  is  necessary  to  use  onl;  the  hover  tip  speed  from  test 
data.  This  analysis,  then,  is  functionally  independent  of  the  test 
data,  and  is  numerically  dependent  only  upon  this  one  value. 


1_ 


25 


♦2 


K' 


CDq  A2  f  rt 
gL  Vth 


Equation  (2.07) 


This  was  calculated  over  the  range  of  Vq/V^  from  0  to  .7  which  is  well 
over  the  maximum  f orward  velocity  attainable.  The  value  varied  only 
from  1.21RD  at  hover  to  1.219  at  high  speed;  the  value  at  hover  may  be 
taken  over  the  entire  ranre,  giving  a  small  margin  of  surplus  efficiency 
in  the  upper  speed  ranges. 
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The  power  required  may  be  written  in  the  Torn: 

P*  V  i  r  /vn\2  -1  PAV-3 

r*  ‘  L1  * f  *  \n  j  ]"  to<5%;  ci, 


Values  of  C«  and  Vc*  ?it  hover  (V-  obtained  from  the  r.owntur.  equation) 
were  substituted  a?  a  cross  check,  yielding  a  value  equal  to  the 
available  power.  To  determine  the  range  of  7^,  V-*,  and  available 
horsepower,  the  assured  HPM  was  increased  fror.  3  00  to  3^10,  '.’hen 
the  corresponding  values  were  substituted,  it  vas  found  that  the 
oarer  required  decreased  with  increasing  V$.  In  this  range,  the 
tern  X  -  (Vo/Vr^  controls  in  spite  of  the  fact  that  Vj  in  cubed. 

Tnis  means  that  not  oven  this  snail  increase  in  available  >ovcr  can 
1c  absorbed,  and  this,  in  turn,  shows  that  the  horsepower  and  .IPK 
are  constant  regardless  of  the  value  of  in  the  operating  range. 
Experimental  data  definitely  confirms  this. 

The  qualitative  interpretation  cf  th  se  data  i  that,  as  forward 
speed  increases,  more  arid  more  thrust  is  shifted  from  the  oro^oller 
to  the  duct.  Firurc  1  shows  the  or  dieted  decrease  in  power  required; 
tais  curve  appeared  as  the  D/L  ■  0,  1  ♦  f  ■  1.2  curve  of  Figure  2, 
Hiller  .teport  No.5fc-108  .  inurin''  the  tre:k  tests,  uowever,  the  power 
was  not  allov:ed  to  titcrense.  As  should  be  expected,  the  propeller 
produced  a  '’’renter  than  that  required  for  lift.  In  Figure  7  of 
Hiller  deport  on0.2  the  lift  curve  for  drag-thrust  equilibrium  re¬ 
flects  the  decrease  in  power  required  for  equilibrium,  having  the 
peak  lift  iust  short  of  the  bucket  of  the  power  curve  and  decreasing 
to  lift  equilibrium  again  just,  short  of  required  power  equal  to  hover 
rower. 

The  test  data  contain  lift,  thrust,  and  thrust  equilibrium  curves  for 
full  power.  A  curve  of  VcJ/Vt  versus  Vq/V^  has  already  been  calcu¬ 
lated.  liow  it  is  possible  to  draw  a  curve  of  versus  Vq,  since  V<p 
is  a  constant  for  full  power  operation.  This  is  done  in  Figure  2. 

The  forces  on  the  platform  nay  be  found  by  momentum  theory. 

2 

L  =  p  A  Ve  cos  a 

T  =  p  A  (V5  sin  a  -  Vq) 
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These  curves  are  plotted  in  Figuros  3  and  h,  Experimental  curves 
ray  be  found  m  Figures  7  ar.d  Q,  Hiller  deport  ho.  680.2. 

A  thrust  equilibrium  curve  ray  o  drawn  in  two  ways.  First,  the 
thrust  equation  ray  be  equated  to  zero,  reducing  the  condition  of 
equilibrium  to: 


V*.’  sin  a  *  Vq 


This  curve  is  plotted  in  Figure  5.  As  a  check,  a  cross  plot  of  the 
intersection  of  er.uh  thrust  curve  with  the  Vq  axis  "ay  be  used. 

These  points  deviated  by  n  srall  amount,  confirming  the  calculations, 
lending  to  the  li'.'t  and  tnrust  curv  s. 

The  condition  descrii  ■*d  above  docs  rot  constitute  a  true  equilibriun 
since  the  vertical  forces  nre  rot  balanced.  In  fact,  no  such  equi¬ 
librium  is  possible  a*  full  power  exeunt  at  a  single  already  ex¬ 
cluded  bv  other  limitation  and,  of  course,  at  hover,  Equilibrium  can 
occur  only  al-n-  the  (HHP)y/(HI*P);{  curve  of  Figure  1.  It  is  more 
easily  and  directly  don"  by  firmly  equating  forces.  Tnis  curve  also 
appears  in  Fi-urc  5. 
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!$,  V*,  T,  and  Pq. 
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fust 

Error 
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! 

.  0 
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110.^  ,, 

-wr  *  -lo37 

')  nc* 

•  \P 

b'OO  lb. 

No  direct  and  definite  information  as  to  either  power  available  or 
power  actually  expended  is  available.  However,  the  design  estimation 
of  power  required  left  but  a  snail  margin  from  the  maximum  output  of 
the  endues.  Therefore,  since  the  expected  Vcj  and  T  were  obtained 
at  full  power,  the  estimation  was  reasonably  good. 

It  is  safe  to  conclude  that  the  propeller  was  properly  designed,  for 
a  slightly  larger  than  predicted  amount  of  power  was  absorbed  produc¬ 
ing  the  predicted  tnrust. 
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AERODYNAMIC  CONSIDERATIONS  OF  PLATFORM  OONTRQL  PROBLEM 


(Previously  submitted  as  Appendix  I  of  Airborne 
Platform  Progress  Report  dated  March,  1956) 
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I.  DISCUSSION? 

Before  the  merits  or  disadvantages  of  a  con’rol  system  can  be  do  to  mined,  it 
is  necessary  to  understand  how  the  basic  forces  produce  lift  and  thrust, 
figure  1  shows  these  forces  in  hovering  ana  forward  flight,  and  the  accompanying 
diagrams  illustrate  how  Hiller  Report  120.5  is  usod  to  calcula’o  the  not  force 
(Fq)  and  its  direction.  If  this  r.etnod  is  applied  correctly,  very  good  agreer.ent 
botwoen  theory  and  test  results  are  obtained.  The  as sur.pt ions  essential  to 
apply  this  theory  to  ducts  at  forward  speed  ana  anglo  of  attack  arei 

1.  The  net  force  is  in  a  direction  opposite  to  the  flow  througn  the  duct. 

2#  The  direction  of  the  flow  through  tne  duct  is  tne  voctor  sun  of  tno 
free  stream  velocity  and  a  vector  (X)  parallol  to  the  duct  axis. 

3.  The  magnitude  of  the  vector  (X)  is  the  vector  sun  of  the  free  stream 
velocity  (Vq)  and  the  duct  exit  velocity  (Vr). 

Returning  now  to  Figure  1,  first,  we  must  define  tne  terms  usea. 

Fq  Net  Aerodynamic  Force 

Fq  Control  Force 

L  (Vertical)  Component  of  F 

T  Horizontal  Component  of  F 

info  Gross  Weight 

V  Induced  Velocity 

Vq  Free  Stream  Velocity 

V^  Duct  Exit  Velocity 

P  A  Point  on  the  of  the  Duct 

Ma  Aerodynamic  Moment 

Mq  Control  Moment 

a  Duct  Angle  of  Attack  (Figure  16 ) 

(Angle  of)  Inclination  of  the  Net  Thrust  (Fq) 

P  Angle  Between  the  Vectors  X  and  Vt 
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I*  DISCUSSION  (Continued) 

It  uill  be  noted  fron  Figure  1,  (c)  and  (d),  that  a  platfon  hovering  in  atill 
air  subjected  to  a  gust  will  develop  a  drag  force  in  the  direction  of  the  gust 
and  slaultaneously  a  variation  in  lift  along  the  duct  lip,  creating  a  aoasnt 
Kb  which  rotates  |he  duct  and  tips  the  vector  Fq;  because  there  is  only  a  wall 
translation  (Vo  •  0)  j  *  a  and  a  force  T  ♦  D  is  produced  in  the  direction 
of  the  gust*  The  translation  velocity  la  increased,  but  the  aoaent  M.  will  not 
vanish  until  the  translation  velocity  reaches  the  velocity  of  the  gust*  At 
this  point  he  "  0,  but  there  is  no  restoring  sonant*  However,  if  the 
translation  velooity  exceeds  the  gust  velocity  a  restoring  mcaent  will  develop 
which  will  stabilise  the  platfon  approximately  at  the  speed  of  the  gust  if 
sufficient  tine  is  allowed* 

Now  that  the  direction  of  the  aerodynaaio  forces  can  be  found,  it  is  possible 
to  see  how  a  platfon  My  be  controlled  by  a  shift  in  the  center  of  gravity* 
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I.  DISCUSSION  (Continued) 

Figure  2(a)  shows  a  hovering  platform)  til  forces  ere  in  equilibrium,  and  no 
moment  exists*  In  Figure  2(b)  the  o*g*  has  suddenly  been  displaced,  and  a 
moment  appears  due  to  the  shift  in  weight  with  no  corresponding  shift  In  lift* 

If  this  o*g*  position  Is  maintained,  the  velocity  Is  Increased,  and  the  lift 
on  the  leading  duot  lip  becomes  sufficiently  larger  than  that  on  the  trailing 
edge  to  produce  an  aerodynamic  moment  equal  to  the  weight  moment*  At  this 
point,  the  thrust  vector  (Fq)  Is  Inclined  at  the  angle  4  and  Fo  sin  4  •  drag* 
The  entire  system  Is  In  equilibrium,  Figure  2(c)*  If  the  c*g*  Is  returned  to 
Its  original  position,  Figure  2(d),  the  aerodynamic  moment  restores  the  platform 
to  the  horlsontal  position,  and  4  decreases  to  seroj  thus  the  thrust  (Fq) 

Is  again  equal  to  the  weight  and  equilibrium  Is  sgaln  attained  as  In  Figure  2(a)* 

Now  let's  examine  the  platform  with  exit  vane  control* 


(a)  (b)  (0  (d) 

FIGURE  3 

In  Figure  3(a),  the  situation  is  the  same  as  in  Figure  2(a)*  In  Figure  3(b), 
the  operator  has  initiated  a  force  intended  to  roll  the  machine  clockwise,  but 
in  so  doing  he  has  created  an  unbalanced  control  force  Fq,  which  starts  to  move 
the  platform  backward*  If  a  constant  control  setting  is  maintained,  the  entire 
machine  will  rotate  so  that  4  increases,  and  a  component  of  thrust  overcomes  the 
control  force  and  forward  motion  is  initiated*  Eventually,  an  equilibrium  point 
will  be  found,  Figure  3(c),  where  the  control  moment  and  aerodynamic  moment  are  of 
equal  magnitude  but  opposite  in  direction,  and  at  the  same  time  the  control  force 
and  drag  are  equal  and  opposite  to  the  thrust  (T)  and  Fq  is  still  sufficient  to 
maintain  a  lift  force  equal  to  the  weight. 

CONFIDENTIAL 


i 


Airborne  Platform  Progreso 
Report,  Parch 
Appendix  I 

Pape  L 

I.  DISCUSSION  (Continued) 

•hen  the  controls  are  returned  to  neutral,  mere  is  an  aerodynamic  moment 
tending  to  return  the  platform  to  the  upright  pooition,  tut  tne  balance  of 
the  horiiontal  forces  has  been  destroyed,  and  the  thrust  is  greater  than  the 
drag,  Figure  3(d),  and  the  platform  will  accelerate.  If  the  controls  are 
maintained,  the  machine  will  begin  to  decrease  its  angle  of  attack.  4  and 
consequently  T  will  reduce,  and  again  it  will  return  to  a  balanced  position. 

Figure  3(a). 

If  we  examine  Figure  3(c)  in  light  of  the  test  results  of  the  present  platform, 
we  find  that  the  control  moment  is  very  large.  Hiller  Report  515*91  indicates 
an  equilibrium  at  approximately  25  degree  tilt  angle  and  30  knots  forward  speed. 
The  moment  that  must  be  overcome  is  380  foot-pounds.  If  we  assume  that  the  exit 
f,ins  are  located  3*8  feet  below  the  c.g.,  Fq,  Figure  3(c)  has  a  magnitude  of  100 
pounds.  Now  T  ■  Fq  ♦  D  for  equilibrium.  This  additional  100  pounds  must  come 
from  Fqj  therefore  the  tilt  angle  must  increase  considerably  as  well  as  the 
magnitude  of  Fq.  Therefore,  the  forward  speed  for  any  tilt  angle  will  decrease, 
and  consequently  the  maximum  forward  speed  will  be  reduced  by  a  considerable 
amount* 

The  larger  the  distance  between  the  c.g.  ana  the  control  fin,  the  smaller  Fq 
required  to  overcome  the  moment.  For  instance,  if  the  distance  between  the  c.g* 
and  control  fin  were  10  feet,  Fq  would  be  38  pounds  or  about  twice  as  large  as 
the  drag  force  D* 

In  practice  when  the  control  force  is  applied  ana  the  machine  commences  to  respond 
in  the  opposite  direction,  more  control  is  applied  and  by  this  time  the  angular 
acceleration  has  produced  sufficient  tilt  angle  so  that  the*  norizontal  component 
of  Fq,  that  is  T,  has  become  predominant  and  forward  motion  is  increasing.  The 
reaction  is  to  decrease  the  vane  deflection  which  increases  T— (Fq  ♦  D)  arid  the 
forward  acceleration  increases.  In  brief,  though  not  unstable,  it  is  a  difficult 
means  of  control* 


II.  METHODS  Or  CONTROL: 

If  spoilers  are  used  to  control  the  platform,  a  control  force  will  be  associated 
with  a  decrease  in  thrust.  If  suction  is  applied  to  the  duct  lip,  a  stable 
machine  results  with  the  opposite  effect  on  required  power  as  the  spoilerj  however, 
the  tendency  to  follow  a  gust  is  not  alleviated* 

How,  then,  can  a  platform  be  controlled  satisfactorily? 

A  plenum  chamber  connected  to  the  duct  lip  and  vented  through  the  lip  will  reduce 
its  natural  stability  as  will  be  shown.  Figure  Ii(a)  shows  the  hovering  duct* 
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(a)  (b) 

FIGURE  4 

II.  METHODS  OF  CONTROL  (Continued) 

There  is  no  flow  because  all  portions  of  the  duct  are  lifting  uniformly.  When 
the  duct  is  subjected  to  a  gust  or  forward  flight,  as  in  Figure  li(b),  the 
velocity  over  the  duct  lip  increases  on  the  up  stream  side  and  decreases  on 
the  opposite  side.  A  relatively  high  pressure  will  develop  on  the  side  with 
the  low  velocity,  while  reduced  pressure  will  prevail  on  the  upwind  side. 

Thus  a  flow  will  be  developed  in  the  plenum  chamber  from  the  high  to  the  low 
pressure  side.  The  boundary  layer  will  be  forced  into  the  plenum  chamber  on 
the  side  where  the  velocity  is  V  -  Vq  and  the  low  energy  air  will  be  forced 
into  the  boundary  layer  on  the  opposite  side.  This  will  tend  to  neutralize 
the  lift  and  moment;  however,  there  will  always  be  a  restoring  moment,  which 
is  less  than  the  non-vented  platform. 


This,  then,  is  not  a  means  of  control  but  rather  a  means  of  reducing  the  sta¬ 
bility.  The  control  force  need  not  be  as  large  with  the  vented  lip,  but  exit 
vanes  below  the  c.g.  will  still  produce  undesirable  forces.  Therefore,  a 
spoiler  or  other  means  must  be  employed  to  produce  the  control  force  or  moment. 
If  vanes  are  desirable,  they  must  be  placed  in  a  stream  of  high  energy  air, 
both  in  hovering  and  forward  flight.  Vanes  placed  above  the  c.g.  in  the  inlet 
stream  would  produce  both  a  favorable  force  and  moment  but  would  probably  be 
ineffective  in  hover  due  to  the  low  velocity.  If  vanes  are  placed  in  the  vi¬ 
cinity  of  the  duct  lip,  the  vane  on  the  down  wind  side  can  be  used  to  produce 
additional  lift  and  a  desirable  moment  at  low  forward  speeds.  At  high  forward 
speeds  the  velocity  over  the  down  stream  lip  is  insufficient  to  produce  the 
necessary  lift;  therefore,  a  vane  on  the  leading  duct  lip  must  produce  the  same 
moment  and  force  change  as  spoilers.  We  find  ourselves  reverting  to  c.g.  change 
or  boundary  layer  control  for  the  control  force,  if  we  do  not  wish  to  accept  a 
means  of  reducing  lift,  such  as,  spoilers.  The  change  in  c.g.  location  is  good, 
and  with  a  vented  lip  should  give  adequate  control.  Boundary  layer  control  with 
the  vented  lip  should  be  adequate,  but  the  vented  lip  is  in  reality  a  boundary 
layer  control,  and  at  high  forward  flight  speeds  where  Vq  aPproaches  V,  suction 
on  the  rearward  lip  would  become  ineffective. 


i 


i 

i 


CONFIDENTIAL 


CONFIDENTIAL 


Airborne  Platform  Progress 
Ha port,  March 
Appendix  I 

Page  6 


II.  H2TnODS  Or  CONTROL  (Continued) 

It  la  know  that  the  propeller  tip  olaaraaee  la  quite  critical  la  producing 
dnot  lift*  This,  then,  la  a  poaalble  msans  of  control.  £ 
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figure  5 

Figure  5(a)  ah ova  what  is  happening  at  the  propeller  tip.  The  higher  preasure 
air  at' the  dovn  etreaa  side  flows  over  the  blade  tip,  oaualag  separation  ahead 
of  the  propeller*  Figure  5(b)  shows  posslbllitlas  of  local  control,  which  would 
cause  a  cyclic  lift*  The  first  method  nay  not  be  possible,  due  to  the  bending  of 
the  blade,  but,  if  possible,  should  result  In  a  smaller  quantity  of  air  to  be  re¬ 
moved*  The  duct  lip  Is  an  extremely  handy  source  of  low  pressure,  which  could 
be  used  to  supply  the  suction*  This  could  be  accomplished  with  only  a  small  over¬ 
all  loss  In  thrust,  because  the  duct  lip  thrust  Is  reduced  but  the  propeller 
thrust  is  Increased* 
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A.  Introduction 


An  inlet  ruide  vane  contrcl  has  i  wen  riv^jaiea  as  a  .•neans  of 
platforw  control.  The  vane  would  ie  located  in  me  vicinity  of 
tr.e  duct  lip,  either  on  the  orvnrd  side,  the  rearward  ^ide,  or 
both.  If  loth  fore  and  aft  vanes  arc  used,  ti.ev  would  net  in 
opposito  directions;  that  is,  the  forward  vane  would  cause  a  la- 
creare  in  lift  on  the  forward  duct  lip  and  a  negative  vane  lift, 
md  the  aft  vane  woulc  4ncre  so  the  lift  or.  the  aft  sort  ion  ef 
the  cuct  and  produce  a  liftin'*  force  on  the  vane. 

This  c  lysis  is  not  intended  to  rive  absolute  valors,  but  an 
indication  of  t..~  forces  and  the  feasibility  of  such  a  means  of 
control,  either  for  ,pust  nabilit*  or  forward  flir»t. 

V .  !!ov<  r  Aitalvsis 

■■  ■  .  ■  ■  .  —  —  .  ■ 

Tests  ••ere*  conducted  to  vt- mine  t!v.  velocity  profile  in  a  ver¬ 
tical  direction  above  the  duct  lin,  Th^*  lent  i  s  rur  lr.  rjimd 
o-'fect  with  ti.c  duct  exit  approximately  one  foot  abov  the  raved 
surface.  The  velocities  o!  tained  t*<  re  c  nv  rted  tc  dynamic  pro¬ 
cure  (  ])  '•iid  plotter*.  n*ai:.st  the  distance  abov'>  the  lip  ::  i r.chcs 
(n),  Firure  1. 

The  variition  of  dynamic  pr  sure  alon~  tin  surf  up  of  the  due* 
is  snown  it;  Figure  2.  The  values  of  dynamic  pie. sure  fos  a  •  11' 
ar. 'le  of  0°  and  forward  velocity  of  0  knots  are  rvrol  ably  q  ite 
accurate;  ha: ever  the  values  for  a  forward  speed  of  3P  knots  ar.d 
a  tilt  •  f.‘*lo  of  30°  are  somewhat  m  error,  due  to  the  asrur.oUor. 
tb  t  due  total  p.  ensure  is  equal  to  the  static  pressure.  In 
reality,  the  total  pressure  is  rli-htlv  lii  her  than  static,  how  • 
for  *hi  velocities  art  probably  of  the  "cneral  order  of  magnitude. 

The  test  results  .arc  duct  lip,  pressure  below  ambient,  pressure. 

This  was  assumed  to  •  -  the  sane  as  static  to  total  pressure  in  ie- 
t  r.iinmq  the  values  of  dynamic  pressure.  Actually  the  total  Trea¬ 
sure  on  the  aft  lip  is  alove  a-bient  as  evidenced  by  the  tact  that 
a  pressure  of  one  inen  of  water  above  ambient.  was  measured  a1  H  = 
or.  the  aft  duct  lip  for  tlv.  conditions  of  ’mots  forvard  peed 
and  a  tilt  an  le  of  30c  . 

Ft  cau  i ;  i"  a  vertical  orce,  that  is,  desired  from  the.  mb  i 
Tuide  vane,  it  h  s  been  assumed  that  the  maximum  chord  is  of  the 
order  of  six  inches.  This  ass u motion  enables  on«:  to  evaluate  the 
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the  lift  fror.  a  nvtn  vane  length  fror.  the  expression: 

L  •  CLqA 

If  it  is  further  assumed  that  a  lift  coefficient  of  one  can  le 
obtained  ami  thet  u.«  duct  v*i  11  contribute  an  additional  force 
equal  to  Uit:  force  produced  tv  the  vane,  the  total  lift  iecones; 

bl  ■  2q*  J 


If  vc  define  f  ns  in  t  e 
ncconpanvinq  dia  *ran,  c  is 
independent  off  for  lover. 


Circumference  =  rr  D 

The  length  of  t':»  control  vane  =  77-^  (^2  ~^l) 
vhere  f  is  in  derrtes. 

If  the  lr’t.  ir •  considered  i  t: if.  center  of  the  area,  tne  moment 
arm  can  le  computed. 

/+ ,  -  ii\ 

Moment  Arm  =  d  cos  (  - - - J 


The  moment  in  foot  oounds  is: 

r  ,  '  *1 

1.  =  .t  oo.s  I  - - - 


/lo  -U 

2  d  cos  (  -  )  ]A 


d  ,  A  cos 


t  ,  “  l-i 
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Valu..1  of  h/ j  ott';..:  :  *\.:  im,"  »'t!  r;  :ir  ;lo*t*  ajainst 

yi~  Fi  J. 

Art  nv  rap/i  v-ilva  cf  >:  c.n:  -.ri.nr.*ri  fr.),-.  1  and  J.  The 

}v<  ra  ;e  <;u  for  x  *  u/t  n  .i  ♦  i  vorl  It  frcr  Fi  Mtr a  2. 
otaft.iri’  "it  :f  j  ■>  cn  rM  >*r  1  *.1  vi*.r  up  to  2  ;  aches  above 

tfie  1.1,.,  ;  .<•  -  v  .  >'  i:.  rT.prcixi.v.b'l;*  <>.  A  os  wain  *  1  '0°  of  are 
covered  !—  tit  r-or'.-nl  ;v  ,  :  \;n  fro:..  Fi  3,K/;  -  11.3.  The 
naxinur:  rev'-jut  •'.•.ail able  v'.  9(il.  0  ~  l,vi.7  ft. -lbs. 

If  aiu  w..  i  i  lit  a  on  r>»  r  i.  v  c'.io  »  d  .'.'if,  r*’  mal  .sill 

.-•r:  i-ht  .  .  i r  11;.,  tin  i  o  .it.. ti'  ifoxi  t.cly  .  jy,L  i't.-l.  :, 

or  hr  it  1  v  It.-,  wi'  p  si.  ,  Jr  "mo. 

£ .  For  ■’ yr  Kll.  Th!  A n a  lysla 

The:  ,'tcc’or.pstnpir ,r  rn'cc:,  io  the  '.mo  •  cot  reoin  r.divj*  orr •  fur 

i  ,  :ov  ~r  i  it'*  -ua'iysi.s;  i.c  jv-?r  q  no  v  •  .  ••  1  ‘  :i  \|r .  A.’.r'T'  '-.at 
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mately  the  uar.e,  •  can  evaluate  th<  constants  nt 


At  x 


•  '.over 


1  |  =  jh  ( C  ♦  K  cor,  t ) 


t  =  ^  1, 


■J  +  K  -  2.-6' 


i:,  (C  ♦  K)  6-  =  •'2  (C  i 

(C  -  K)  10.2  =  22  (3 

G  -  K  -  .  :o<;  G  -  l./j 


q  ^  -  1.2  ^0  q  j  j  (l.j?l  +  cos  \Jr) 


l^qi'o) 
nT^  -fTT” 


G  0  K  FIDO  I  1  A 


A.  Hcr^e 

0411 

1 V3D/  HILLER  HELICOPTERS 

ChIIMO 

?  — —  " 

>iH( 

A  j»  ■  r  v*  :•  < .  b  .  *  c  t  Pr<  ;>• . 

A  5  A: ,  V.eP  t'w  Pr*i 

C  0  F  1  D  K  K  T  I  A  L 


▼ 


A-IIM 

*  Jf 

.pi*- 

■  *0  -  ( 

4. 

:  4a  - 

•* :  r.  ♦ ,  • 

] 

(4 1 

/♦ 

/*/%<  1  - 

\ 

■i 

♦  3'a>  (4? 

-4,'  • 

(  4 

•  v] 

(4* 

c 

-  4l)  * 

(si:,  f 

4. 

-  ...  tr] 

A-  um,  aasuniv  the  r'.-.t1  nx**nds  m.  *  :*r  uidcs  of  4  ^  *0  of  the 
l‘*iding  duct  “Uf;e.  **ie  *«b<j’  e  .q  rcssicn  ’cj-TOi#; 


Forward  v.ar.e,  U  r 
H  .  4-, 

—  ••  1  h  •  61  cos  ~  .  L‘3s('  ^  ,  r  sir  i- 

\  ■ 

Trailin’  lip  vane 


— ■  -  r’.ol  cor. 
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Figure  Jj  indicates  the  rrwp.it.u  .or  of  the  <  r  r.t  available  at  fnsvar  J 
ope  -d.  To  Find  tr»c  rxnon*  proceed  ar  in  i.hr  t  revirus  example.  /  s- 
sunir.q  the  same  location  cr  ih<~  awe,  w?  have  an  average  n  of  9. 

From  Fiinire  )i,  1?0°  of  arc  covered  by  the  vane  on  the  forward  Li;, 
yields  M/qj|  =  30  and  trie  i jornc- ' ’  ill  be  M  =  iO  x  9  =  270  ft.. -lbs. 

Il’  an  additional  vans  covering  12'°  of  the  aft  lip  ,ir  ur  jd.  if  wil  1 
nave  M/q  s*  7*3.  Thin  v  ill  produce  ar.  additional  moment  of  ?.r  x  9 
-  67.^  ft.. -lbs.  ?  roaki  n  r  the  vtq  .orient  !O0  +  “o  =  337.  >  ft, -Lbs. 
Fi  pure  *>  indicates  the  moment  i  e-qulr**!  at  a  Ur.*  srqUc  of  30'  and  9* 
a.ots  forward  speed  to  be  v  f f .  It:  a.  It  wcul.l.  therefore,  be  *  ns- 
sni?;  for  the  pilot  to  suppi,/  app^oxirnately  100  ft . -lbs •  Ir  *-ni <•  <> 
diticn  the  net  force  du-j  to  fhr  van.e  would  r'e  approx;  mately  1  ’Lc  1;  s. 
down  cr  the  forward  lip  and  .1  Ice.  addition-'!!  lit’!  or.  trie  aft  lip. 
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A.  Introduction 

Cnc  ct’  the  lutnods  proposed  for  reducing  the  l^rge  nitchuo 
-.o.:ent  on  tac  rlntforr  ir.  :\or..a*l  'light  is  PLC  -  venting  and 
irit(fi*Cwnneotinc  the  ueet  lips  to  e  anil  e  the  pressures. 

It  i  •<  in*?  considered  opinion  of  the  writer  thftt  t.ds  method 
•  ill  not  work,  "nc  followin'’  qualitative  Analysis  is  o  fered 
ir.  sapoort  of  this  opinion. 

B.  Analysis 


Consider  a  "two  di-maion'*!"  duct  (i.e.,  a  longitudinal  cross 
section)*  Furthermore,  consider  the  lip  ed-es  carried  aro*.ir.d 
to  the  trailin'*  edge  to  crnnlotu  the  airfoil. 


Figure  1 
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In  hovering  flight  the  air  enters  symmetrically  over  both  "airfoils". 


Lift,  L^,  equals  lift,  L2,  and  ±f  we  consider  that  the  lift  is 
generated  by  a  circulation  about  the  two  airfoils,  we  can  see  that 
the  fan  is  generating  the  velocity  and  the  circulation  about  both 
airfoils,  but  the  circulation  is  in  the  opposite  sense  on  each  air¬ 
foil. 


Figure  3 
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The  circul  *. ter.  ov,  r  ihc  aft  air full  is  :.n  the  CPPCoITa.  I>LtECTIC?; 
as  that  act  up  by  uic  fan  in  hoverir.r  flipht,  and  the*  circulation 
is  r.ow  tf.  tne  aano  sai.o«  as  for  tte  forward  airfoil. 
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Figure  6 


Now  we  see  that  the  far.  "tucks"  the  "normal"  circulation  buildup, 
or  oor.voi  3d?  the  forward  veic ry  "buck.'-"  the  circulation  set  ir 
V  ti.o  far.. 

Now  if  ’■’art  io  ;  .aiiitau.  me  syr  >1  tribal  lift  ov  t  Lae  two  air¬ 
foil:.  we  must  maintain  tiv  •  a  me  :>yn  .etricai  flow  p^tier.i  as  ocou  *2 
in  .0 ve;,in<T. 

Cur  moment  would  be  elim::.3f  •<’  i  f  th  fltv  patt  ;n  lonkr  1  like 
Fi  -ure  '  inlaw  1  Hnei  t.u.an  1  ike  F  u 
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a)  without  Bi: 

b) 


If  suction  is  applied,  the  pressure 
near  the  suction  :.ole,  t:  ur: 
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socs  not  io'rt'ftit* 


c)  But  the  entire  pressure  (ar.d  flow)  distribution  is 
chanced  thus: 
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In  order  in  io  ’.art  we  props,  o,  -v 
of  power  t  c.aar/'e  the  flo;  field. 

hr-  ve 

to  rut 

in  a 

lartte 

amount 

If  ’  c  1  Iced  ‘Yen  the  'rent  iio,  wc 
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J  a troy 
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lift  an 
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r-'  ar_. 

and  ■  n 

’•ill  ti.avc  to  it  core  po’  er  into  t. 

!  o  platform. 

or,  ' 

see 

•  l  are 

still  left  with  *>  conclusier.  t.uat  ve  will  irsc  so  nay  a  ■  ,r  *■  ;• 
price  for  moment  control,  IF  ,  E  3tI:SID_,i  GiUALIoI!  i  Tilh  !.cL.I!T 
BY  flow  altera  tier  around  me  duct. 

If,  on  the  other  land,  ve  reduce  the  power  put  into  the  "for /a re” 
.air  to  keen  Lp  constant  as  forward  speed  is  ir  cr.asrd,  then  ;c-  car 
put  tnat  po1  or  ir.fc  tiie  "aft"  air  to  keen  L •*  iph. 
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INTRODUCTION 
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This  is  a  preliminary  issue  of  the  final  aerodynamic 
report  to  be  submitted  in  satisfaction  of  Phase  III 
of  Contract  Nonr-13 57(00). 

The  present  content  of  this  report  covers  only  the 
analysis  of  the  radial  inlet  vane  control  of  pitch¬ 
ing  moment. 
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SUMMARY 

It  has  been  suggested  that  propeller  inlet  guide  vanos,  or  stator 
vanes,  be  uaed  to  direct  the  induced  velocity  into  or  opposite  from 
the  direction  of  rotation  of  the  propeller  blade,  and  thua  change  the 
angle  of  attack  and  lift  coefficient  of  the  propeller.  Thia  will 
again  change  the  inflow  velocity  and,  in  turn,  the  lift  of  the  duct 
lip. 

According  to  the  analysis,  an  optimum  configuration  ia  reached  when 
the  area  covered  by  the  inlet  guide  vanea  is  a  circular  segment  of 
approximately  160°  on  the  front  and  another  equal  segment  on  the  rear 
portion  of  the  duct.  If  it  is  assumed  that  the  propeller  inlet  guide 
vanes  are  capable  of  turning  the  flow  through  an  angle  of  25°»  the  mo¬ 
ment  from  the  propeller  will  be  20.6  ft. lbs,  and  the  additional  moment 
will  be  67.6  ft. lbs,  or  a  total  of  88.3  ft. lbs.  The  thrust  divided  by 
brake  horsepower  in  the  hoverinr  condition  will  be  reduced  by  .1^6. 

If  the  machine  develops  L75  lbs.  of  thrust  with  the  consumption  of  77 
BHP  without  propeller  inlet  guide  vanes,  the  addition  of  guide  vanes 
would  require  an  increase  in  horsepower  to  79  BHP  for  the  same  per¬ 
formance.  When  the  vanes  are  deflected  to  achieve  25°  of  turning, 
the  maximum  blade  lift  coefficient  (assumed  to  occur  at  r/R  ■  .5) 
will  be  increased  by  approximately  0.5.  This  increase  in  lift  coef¬ 
ficient  is  associated  with  an  increase  in  drag  coefficient.  The  in¬ 
crease  in  brake  horsepower  required  was  calculated  and  found  to  be 
negligible. 
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I.  MOKBiT  APPLIED  TC  THi  PROPELLER  BY  CHANGING  THE  IhTLOW  DIRECTION 


'r\ 


•  ^  - 


V  c:  J/O  -  v ; 

tan  p  »  jff’rVT” josv 90 -  “T 


tan  0" 


V  5  ui  V  '  ) 
,r  -  cost  ^6  ♦  u 


Jo  uni  Ur./  **•  * 


V  S3  !1\  ,r.  -  I 


t.an  —  Tj- - 7xx - 

V,  Ob' ?0  - 


sin(90-  u  ^  •'o.-  - 
ccs (90  -  - )  **  sir. 


V,  cos  r 

tan  l'  '•  7 - rj - r — 

bine 
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coa(90  ♦, 
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Vx  coet 
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V-  cose  /  V.  sin* 
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NO 


cos  f.  2sint 


2  cost  sine 
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•  A  a  *»  da 
dCL 

w  •  s-w**- 


dCL 

dT  (da)  *  dCL 


dCj_  - 


5.73(2Vj  cos;  sir.tj 


11.16  Vj  costk.  sint 


5.73  (2sinf  cost) 


5.7MV*  sin2 i) 


^  "  ^L^^blade 
q  "  ?  p  Vblade 


Vblade  *  'o  *  (“rl2 


5.73  V.‘  sin2t  f  ,  ,1 

AL  — (i? — I Vi  +  (£r)  ^ 
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If  radial  inlet  guide  vanea  extending 
from  the  duct  to  the  hub  are  used,  a 
relatively  large  blade  area  experiences 
the  new  angle  of  attack  instantaneously; 
therefore,  it  has  been  suggested  that 
Ycnes  extending  from  the  circvjnferer  ce 
to  a  chord  line  be  used. 


/  \  *  > 
\\  ■ 


The  area  of  the  blade  experiencing  the 
changed  angle  of  attack  will  vary  with 
azijnuth  position. 

L  "  length  of  blade  influenced 
by  vanes. 


V- 


.  .  R  cosO 
sln|  -  -rrr 


R  cos0 


sin  I 


■^blade  “  chord(C)(. length,;  «  C  L 

“  “C1  -  Isf) 


\  \  ' 

\  ^  i.  \ 


-  \  ! 
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Ah.l.W?,  MUM  ;1 

(Cr)2  _  1 


At  t  -  0) 


r  «  R 


and  at  f  ■  90  |  r  •  RcosO 

.t  _ I _ _ 

(R-wc*'  a  )  -  -  R  Cru  0  - 

The  Average  value  of  r  should  ^ -  ^  - 

be  closer  to  R  than  to  R  cosO. 

For  simplification,  assume  that  the  average  value  of  r  is  obtained 
2/3  of  the  way  between  RcosG  and  R. 


2  p  R 

r—  ■  RcosO  ♦  j  (R- RcosO)  ■  j  R  ♦  j  cosO 


rav  "  J  (2  *  co80) 


2r-  -  y  (2  4  cosO) 

_ 2 

(Sd*—)2-  y  (2  +  cosG)2 


“rav  S  /  saf  .  ..2 

1^“/'^/  (2  +  cos9) 


The  blade  chord  decreases  linearly  with  radius  from  R  ■  r  to  „UR  -  r, 


r/R  «  1.0, 
r/R  =  .li, 


c  “  .2  ft. 

C  «  .3182  ft. 


c  «  m  ^  +  b 


Evaluating  the  constants, 


,397  1-  .1653(2  + cosO)  -  .265?(L-  „2U?5  -osG) 
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rav  "  J  (2  4 

-jp  •  j  (2  ♦  co*C) 


ana  C-^  •  .357  [l  -  .1653(2  ♦  cosef  -  .2657(1-  .2hl$  cose) 


The  moment  am  (h)  Is  the  distance  from  the  center  of  lift  (JlL)  to 
the  axis  f  *  0,  f  •  180°  If  the  center  of  lift  (Al)  is  assumed  to 
be  l/3  of  the  distance  i  from  the  tip; 


but 


h  •  RcosQ  ♦  2/3  i  ainf 

f.DM  COS«  \ 


h  •  R 


2  ^  cosO' 


cosG  ♦  T  ?in|  1  - 


sint/ 


2  2 

-  R  ;  cost)  ♦  -j  sin|  -  j  cose 


cose  ♦  2  sin| 


^  pV  2  cR  V,  i  ,  x2 

AL  .  5*73  -T-^)  sm|i  .  1^) 


( i  ' 

\  sint 


but 


M  /V 

^a?7  ''  2R  (2  +  cosO)7 


AA 


L  - 


c.R 


'3V^ 

w ' 


sin2  £ 


(2  +  cose)"  L 


1^W1' ('2  *  cosG^ 
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c—  •  .2657(1  -  .2L75  coat.) 

•7 


AL(h)  •  Am  »nd  h  ••  j  cosQ^S  sinf 
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Constants: 
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II.  ADDITIOHAI.  MOMENT  DOE  TO  WCHEASED  VELOCITT  ON  THE  DUCT  LIF 
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^  * 
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V  «  const. 


\  -  PT„ake 


Po  ♦ 
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disk 
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Vl2  "  °L  VR  * 


but  VR2  -  (*r)2  ♦  V2 
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If  one  rotor  disk  is  used 
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Because  of  inlet  losses  and  boundary  Uwii  ..  „ 
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—  lift  coefficient.. 
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The  duct  lift  1^  «  .d  Pa,  where  P  »  pT  .  p 
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Moment  arm 
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III.  CHANGE  IN  PROPELLER  BLADE  LIFT  COEFFICIENT 
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At  r/R  •  .5,  Cj  reachee  a  naxlaun  value  of  Cj_t  •  .76. 


V!\ 


.365 


dCj^  ■  5.73(.365)  (l  -  coat  A  aln  It  j 
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IV.  DECREASE  IN  HOVER  PERFORMANCE  DDE  TO  INSTALLATION 
OF  PROPELLER  INLET  GUIDE  VANES 
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The  total  vane  area  required  can  he  found  from  the  force  produced. 

sin  20 
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pV *  D  sin 
F  •  — t- -  q 
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but 


r  -  L 


W  *» 

— j — 


.  ,  D  sine-  ,  „  sin20 

••  As - v® — 5~  ' 


This  is  the  vane  area  required  when  the  maximum  Cl  and  sint  are  used. 
To  this  the  supporting  strut  will  have  to  be  added,  which  has  a  length 
of  liRsinO.  If  a  chord  length  for  the  supporting  strut  of  h/12  foot  is 
assumed: 
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From  Hiller  Report  120.5  and  the  condition  of  tero  forward  speed. 
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Constants  used: 


p/t 
0  0 


.75 

29.0 

U.075 


.015  ♦  interference 
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:Wx  ' 


APp  -  -.2665  -  .0356  sine 


A  ip  ■  -.21425  sint  -  .0356  sine 
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V.  IVCREASE  IK  PARASITE  POWER  DUS  TO  DEFLECTION  CF 


PROPELLER  I  MET  GUIDE  VANES 


oAp  p  oAp  p  V^K  CDc 

rhp  •  — otj  K  •  — urn — 


There  is  a  change  in  drag  coefficient  associated  with  the  change  in 
lift  coefficient. 
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From  the  determination  of  the  blade  lift  coefficient  - 


9.73  Vx 


dCT  *  — o =—  1 -cost  *  *fsr  sin  2t 


9.73  r, 

T - T 


vcLo-r  L 


cos  t  *  —  rr- — r*  sin2e ! 

•5M  J 


CONFIDENTIAL 


I 


60-030  C 


0*v« 


«,  Horae 


MILLER  MELICOPTERS 


PREUKDURT  *SR  CPUNC  a!>aLK>I3 


•onli.9 


CONFIDENTIAL 


.  j.eo 


.  1: 


'  1  .  ! 

vCo  V  w 


fc  k 


oAFpVTK  .3  3J.es  ,  _ 4  aln  J- 

— CT5 —  ttrp  /  r  a  *  * co* "  -  rrj 


3^FF 


am  t*. 

W° '  ~K 


JoAppV^K  *  a  Bin 

“ k  1  “  COOt  *  "7  1  ’  \y 


Constants:  (existing  platforr.) 
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